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Charge Confinement and Doping at L.aAlO;/SrTiO; Interfaces
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The thickness and origin of the free charge layer which forms at the LaAlO5/SrTiO; interface is still
uncertain. By inserting Mn dopants at different distances from the interface we can locate the position of
carriers within the SrTiO; surface layers. We show that the majority of the carriers in fully-oxygenated
samples are confined within 1 unit cell of the interface. This confirms the “‘polar-catastrophe’” mechanism
proposed for this system but the low mobility of these carriers demonstrates the need for improved
materials for applications and a more complete understanding of the role of the minority of higher

mobility carriers identified.
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The formation of conducting states at the interface be-
tween insulating oxides is currently one of the most topical
areas of electronic materials research. Examples include
the creation of a high density charge sheet between SrTiOs
(STO) and LaAlO; (LAO) [1-3], the formation of ferro-
magnetism between the antiferromagnetic insulators
LaMnO; and SrMnO; [4-6] and the appearance of super-
conductivity at the interface between nonsuperconducting
La,CuQOy and La; ¢4Sr36CuOy, [7]. The proposed mecha-
nism underlying this behavior involves charge transfer to
interface states leading to changes in cation valence. More
prosaically, some aspects of the results appear to be partly
explicable through the formation of oxygen vacancies or
intermixing of cations at the interfaces [8,9]. In each of
these systems therefore, fully determining the nature of the
interfacial states and their origin is of high importance.

In the most studied system, the two-dimensional elec-
tron gas (2DEG) formed at the interface of an LAO film
and a Ti-terminated STO substrate, the theoretical under-
standing is that (001) LAO is polar and so its growth on
nonpolar (001) STO leads to a divergent surface potential
with increasing thickness which can be eliminated by the
transfer of half an electronic charge to the interfacial Ti
ions. This results in the formation of a 2DEG [1].
Depending on the method of analysis, this charge is either
confined to the first unit cell (uc) [10] of the STO or at least
to within around 3 uc of the interface [11,12]. This view is
supported by hard x-ray photoelectron spectroscopy [13]
and by XPS [14], which place the Ti** states within 1 nm
of the interface. Transport measurements have confirmed
some aspects of this picture: most notably, many groups
have shown that at least ~5 uc of LAO is required to
initiate the formation of the 2DEG and that further in-
creases in thickness do not create additional carriers [15].

There are many aspects of the transport behavior of
LAO/STO, however, which appear inconsistent with the
charge transfer model. For example it is now accepted that
LAO growth in a low oxygen pressure induces a high
density of oxygen vacancies in the STO substrate which
cannot be entirely eliminated by oxygen annealing [8,9].
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STO oxygen vacancies are electron donors and the result-
ing conductivity has been measured directly by scanning
probe microscopy of a cross-sectioned sample [16].
However, for samples grown at high oxygen pressures
the apparent width of the charge sheet is reduced only to
7 nm, which is much larger than the thickness predicted by
theory (although this may represent the resolution limit of
the technique). The less invasive technique of measuring
the anisotropy of the upper critical field of superconducting
samples has also yielded 7-10 nm as the probable thick-
ness of the free charge layer [17].

There seems to be a puzzling dichotomy emerging, with
chemical data and theoretical predictions pointing to an
intrinsic two-dimensional charge sheet and transport data
to a larger thickness which could be explained in conven-
tional semiconductor terms by band bending and the for-
mation of an interfacial conduction band minimum [18],
possibly in combination with doping by oxygen vacancies.

Conventional Hall effect measurements which are nor-
mally used to determine the properties of the 2DEG car-
riers cannot easily resolve this issue because they provide
information only on the areal carrier density. In a recent
paper we reported substantial depression of this carrier
density in 2DEGs formed when a transition metal-doped
layer of STO is grown homoepitaxially on the STO sub-
strate and capped with the conventional LAO layer [19]; in
particular, the carrier density was strongly suppressed by
the addition of even a single uc of Mn-doped STO at the
LAO interface. In this paper we report on experiments in
which delta-doped layers are inserted at different positions
within an STO homoepitaxial layer. The results demon-
strate the recovery of the measured carrier concentration
and mobility as soon as even a single uc of undoped STO is
placed at the LAO interface. We demonstrate, via a simple
model of the carrier density, that this implies that the
majority of the carriers are confined to the first STO unit
cell.

Films were grown on Ti-terminated single-crystal STO
substrates by pulsed laser deposition (PLD) using a KrF
laser with a 248 nm wavelength. The growth conditions
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were 10 Hz repetition rate, and a fluence of around
1 Jem™2 on the target at a substrate target distance of
80 mm; the heater temperature was 850 °C and the oxygen
pressure while depositing and cooling down was around
1072 mBar of O, which is above the threshold for the
introduction of a high density of oxygen vacancies [20].
Commercial LAO and STO targets were used while
StTipogMn 03 (Mn-STO) targets for doping were
made by milling, presintering at 900 °C for 6 h, pressing
and sintering at 1300 °C for 6 h a stoichiometric mixture of
high purity (99.99%) SrCO;, TiO,, and MnO, powders.
All the films were grown in 2D mode and the spot intensity
of the reflective high-energy electron diffraction (RHEED)
pattern was monitored in sifu. Well-defined RHEED oscil-
lations were observed in all conditions indicating layer-by-
layer growth and allowing accurate control of the number
of unit cells deposited.

In [19] we demonstrated that the properties of 2DEGs
were sensitive even to the addition of undoped STO layers
to the substrate and so in order to appreciate the effects of
the location of the Mn dopants it is important that com-
parison is made with samples consisting of similar num-
bers of unit cells of undoped homoepitaxial STO. Figure 1
shows the sample structures used in these experiments
which are heterostructures consisting of STOgpsrate/
Mn-STO(M uc)/STO(L uc)/LAO(15 uc). A standard
2DEG formed by the growth of 15 uc LAO on STO
substrates (i.e. L, M = 0) was taken as a reference for
the other experiments, and it carrier density and mobility
are comparable with samples grown under similar condi-
tions elsewhere. Electrical contacts were made with an Al
wire bonder, the resistivity was measured using a four-
probe technique and the Hall effect in a van der Pauw
configuration to extract the sheet carrier density and
mobility.

Figure 2 shows the carrier density and mobility at 200 K
for a series of samples plotted versus the total number of
homoepitaxial STO layers N = L + M. 30 nm thick epi-
taxial films of Mn-STO were insulating and so we ascribe
the conductivity in all cases to the presence of the interface.
For comparison, we have reproduced the data for M = 0
(undoped STO) from [19] in Fig. 2(a); this shows a pro-
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FIG. 1 (color online). Schematic diagrams of the samples
grown for these experiments. (i) Reference LaAlO;/SrTiO;
(substrate); (ii) L layers of homoepitaxial SrTiO; grown between
the substrate and the LaAlO; cap; (iii) M layers of Mn-doped
SrTiO; grown between the substrate and the LaAlO; cap;
(iv) N(= L + M) layers grown on the SrTiO; substrate so that
the LAO/STO interface is formed between LaAlO5 and undoped
homoepitaxial SrTiO;.

gressive decline in carrier density with increasing N but
little significant change in mobility. The decline observed
probably originates from the much higher density of de-
fects present in homoepitaxial STO films compared with
single-crystal substrates (see, for example, [21,22]). These
defects originate from a variety of sources: nonstoichiom-
etry and imperfect growth nucleation coupled with ion
damage from high-energy particles from the laser plume.
In Fig. 2(b) we show that the carrier densities of the
interfacially doped samples (L = 0) lie well below the
equivalent M = 0 samples with the same N while the
opposite is true for the mobility which is significantly
enhanced. In contrast, for the offset-doped samples (M,
L = 1) samples in which the Mn-doped layer is separated
from the STO/LAO interface by at least 1 uc of undoped
STO, the carrier densities for low N are at least as high as
for the undoped (M = 0) samples while the mobility drops
back to the low values measured for the undoped samples
[Fig. 2(c)]. With increasing N the mobility and carrier
density of all the samples tend towards the same values.
Figure 3 shows resistance vs temperature (R(T)) for a
number of the samples. The resistivity was measured along
[100] STO for a 10 X 5 mm? substrate; the IV curves were
rather linear so that the current was tuned for each sample
in order to measure a wide range of resistivity. There is a
degree of scatter in the low temperature data, but for N = 5
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FIG. 2 (color online). Areal carrier density (red/solid symbols)
and mobility (blue/open symbols) measured at 200 K for
STOqupstrate/ MN-STO(M uc)/STO(L uc)/LAO(15 uc)  hetero-
structures versus total number of homoepitaxial layers N:
(a) undoped (M =0, L=N) samples (from [19]);
(b) interfacially doped samples (L =0, M = N); (c) off-set
doped samples (L + M = N) with different values of M as
marked in the key. The inset schematic diagrams indicate the
position of the Mn-doped layer within the heterostructure and the
carrier density distribution inferred from our results.
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the resistance strongly increases with decreasing tempera-
ture implying that defects in the heteroepitaxial STO
strongly localize carriers at low temperature.

It is clear from Fig. 2 that the position of the Mn dopants
critically determines the properties of the interfacial
2DEG. The primary effect appears in the L = 0 samples
where the dopants lie at the LAO/STO interface [Fig. 2(b)]:
here the carrier density is greatly reduced with a corre-
sponding rise in the measured Hall mobility relative to the
M = 0 control samples. This effect is eliminated by the
insertion of undoped STO at the interface (L = 1), thereby
recreating a clean STO/LAO interface; here the carrier
density increases to levels comparable (or even exceeding)
the values for M = 0 and shows a similar decrease with N
[Fig. 2(c)]. We will show below that this behavior can be
explained directly by the assumption of two distinct carrier
types within the 2DEG. Such a separation of carriers into
two different subbands has been recently predicted by
Popovic et al. [11] on the basis of density functional theory
calculations. Their results suggest that the majority of the
carriers are confined to the first unit cell in a deep subband,
with a lower density extending through the next few Ti
layers as a result of local polarization of the STO. The
former (which we term type I) are expected to have a
largely two-dimensional character, a large effective mass
and the possibility of forming self-trapped polarons, while
the latter (type II) exist in more three-dimensional sub-
bands, and have lower effective masses with correspond-
ingly larger mobilities. The cartoons inset to Fig. 2
illustrate the positions of the dopants in the various types
of samples measured and their relation to the inhomo-
geneous charge density.

We start our treatment of our results with the assumption
that the effect of a Mn dopant is entirely confined to the Ti
layer into which it substitutes. The relative sizes [23]
suggest that Mn3* should substitute for Ti** and Mn?*
for the Ti** induced by charge transfer. In both cases
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FIG. 3 (color online). Resistance versus temperature for
STOqupstrate/ MN-STO(M uc)/STO(L uc)/LAO(15 uc)  hetero-
structures (N).

therefore the Mn thus acts as an electron acceptor and,
since the Mn ion size is smaller than the corresponding Ti
ion, substitution may promote the local distortion and
polaron formation postulated by Popvic et al. [11]. On
this basis the large reduction observed by us in carrier
densities induced by Mn-doping at the interface could be
explained by the trapping of the type I carriers leaving a
lower density of higher mobility type II carriers.

We therefore adopt a highly simplified model for the
electrical properties of our reference 2-DEG such that Mn-
doping traps all the carriers within a particular layer and
that the properties can be explained in terms of two inde-
pendent carrier types. We adapt the standard Hall effect
expressions for carrier density and mobility in the presence
of two distinct carrier types so that the measured areal
carrier density n and mobility u are given by

2 2
_ T

Yy — (nypey + nypen)®
nyuy + ngpy

2 2
npy” gy

(D

where nyq) and ) are, respectively, the areal carrier
density and mobility of the type I (II) electrons. The
scattering of the type II carriers occurs both in the inter-
facial unit cell and within the adjacent STO layers and so
we can further decompose the mobility of type II carriers
so that
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FIG. 4 (color online). Modeled mobility (a) and areal carrier
density (b) data; the different symbols relate to different numbers
of Mn-STO (M) as indicated in the legend. Interfacially doped
samples (M = 1) without a STO interlayer (L = 0) lie within the
shaded region of the plots. Inset shows the calculated position of
the conduction band edge (CBE) from Ref. [11] and the inferred
carrier density from our modeled data for each unit cell in the
LAO/STO heterostructure.
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_ d L £0 M%0 superconducting samples deposited at rather lower oxygen
M = /plh+(d—1)/uy’ #0, #0, ) pressures [17] may suggest a prominent role for oxygen

M = [.L{I:L = 0, M = ],

where d is the thickness in unit cells of the type II charge
sheet and uj; is the intrinsic mobility of the carriers within
the STO. The top expression in (2) applies if the STO/LAO
interface is not Mn-doped and the latter if only type II
carriers are present and are confined away from the
interface.

Using this model, we can create plots of the mobility and
carrier density as shown in Fig. 4. As can be seen, the
overall form of the results shown in the corresponding
plots in Fig. 2 is well reproduced with the L = 0 samples
being distinct from the remainder; the values used for
the modelling were n; = 1 X 10" cm™2 [24], ny = 1 X
108 em™2,  wp, wf=5em*VIis7l and puj=
30 cm? V™ !s7!. The first three values were chosen to
provide reasonable agreement with the experimental data,
but py was taken from Ohtomo and Hwang [1] for samples
grown at low oxygen pressures in which the majority of
carriers are now understood to exist within the substrate
and so should reflect the intrinsic mobility of STO. This
argument is strengthened by difference in the behavior of
the mobility between Figs. 2(a) and 4(a): in the experi-
mental results the overall mobility of the L = 0 samples
declines with N, presumably due to increased scattering
from defects such as dislocations [25] in the homoepitaxial
STO so that the convergence of the M = 6 sample with the
remainder of the data implies that the thickness of the type
II charge sheet is of the order of 6 unit cells (i.e., when all
the carriers are then confined within the more defective
deposited material).

The inset to Fig. 4 illustrates the form of the model used:
a large majority of the total carriers are confined to the first
STO unit cell with a low density of highly mobile carriers
extending a few unit cell further into the STO. This plot
also shows the position of the conduction band edge calcu-
lated by Popovic et al. [11] which illustrates the predicted
confinement of the two carrier types.

In this Letter we have used delta doping of Mn to
distinguish between interfacial and “‘bulk™ carriers and
so have provided direct confirmation of the ‘‘polar-
catastrophe” model for the formation of oxide 2-DEGs.
Our results directly show that the majority of the carriers
(type I) lie in the first unit cell from the interface but their
mobility is low. The remaining carriers (type II) that pene-
trate further into the STO are of lower concentration but
higher mobility, particularly in the case where the STO is a
bulk single crystal. What is unclear at this stage is whether
the type II carriers identified in our experiments are intrin-
sic or associated with oxygen vacancies induced during
film growth as suggested by Herranz et al. [26]. However,
our results suggest that with our growth conditions they are
confined within 2-3 nm at the interface and so the values of
up to 10 nm for the charge sheet thickness deduced from

vacancy-donated electrons in such samples.
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